The purpose is to describe the recent advances made in imaging of the right heart, including deformation imaging, tissue, and flow characterization by MRI, and molecular imaging.
INTRODUCTION
In the past 3 decades, significant progress has been made in the imaging of the right heart. One of the most important changes has been the greater awareness given to right heart function in both clinical and research settings [1] . In this review, we will highlight recent innovations in the field of right heart imaging, including myocardial deformation imaging, three-dimensional and three-dimensional time-resolved flow MRI, as well as molecular imaging. These recent developments will be placed in the context of how right heart imaging can improve the management of heart failure and pulmonary hypertension. The value of right heart imaging in the setting of congenital heart disease or cardiac surgery is beyond the scope of the current review and has recently been reviewed [ 
RIGHT AND LEFT HEART: IS THERE A REAL DISTINCTION?
Although the separation between the right and left heart has a clear anatomical and embryological basis, it does not reflect the complexity of the structural and functional relationships and interactions between the heart and the circulation. Anatomically, the right (RV) and left (LV) ventricles are strongly connected through the septum and myofiber architecture [4] . Because of the functional interactions between the ventricles, interpretation of RV performance should always be made in the context of LV function and vice versa. In the absence
THE RIGHT HEART, AS PART OF THE CARDIOPULMONARY UNIT
In addition to interventricular interactions, a comprehensive understanding of RV function should also consider the cardiopulmonary unit [1] . As shown in Fig. 1 , this includes a better assessment of ventriculoarterial coupling (matching between RV contractility and afterload), ventilation perfusion matching, and atrioventricular coupling.
RIGHT HEART REFERENCE VALUES: HAVE WE MADE ANY PROGRESS?
Recent efforts have been made to develop reference values for RV structure and function assessment. In 2010, Rudski et al. [8] published an American/European consensus document on the evaluation of the right heart, later incorporated in the 2015 American Society of Echocardiography and European Association of Cardiovascular Imaging recommendations on chamber quantification [8,9 && ]. Table 1 summarizes the different proposed thresholds for enlargement or dysfunction [8] [9] [10] [11] [12] [13] [14] [15] [16] ; a recent large community-based study also proposed populationderived values [17] . Some controversies still exist on which threshold to use for RV longitudinal strain (RVLS) and tricuspid annular plane systolic excursion (TAPSE). For example, some authors use slightly higher thresholds than those suggested in the guidelines, such as 25% for RVLS compared with the 20% recommended, or 18 mm used for TAPSE instead of 17 mm [9 && ,12] . Another area of uncertainty comes from the absence of well-established gradation for RV enlargement or dysfunction, in contrast to welldefined left heart metrics, realizing that some of the gradation will be in part arbitrary. RV ejection fraction less than 35% has often been used as a criterion for moderate RV systolic dysfunction, which corresponds to an RV fractional area change (RVFAC) of approximately 25% [18] . Additionally to the normative values, several right heart metrics thresholds have been proposed for risk stratification. Tables 2  and 3 summarize the main prognostic right heart metrics in heart failure and pulmonary hypertension [10, 12, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] .
PITFALLS OF RIGHT HEART IMAGING
Several pitfalls in the assessment of the right heart have been described. First, as the annular motion frequently decreases after cardiac surgery following pericardial opening, it should be kept in mind that annular indices (such as TAPSE or S' velocity) do not consequently reflect RV systolic function [34, 35] . This represents the most common cause of misdiagnosis of RV dysfunction postoperatively. A second important pitfall is to consider the different RV
KEY POINTS
Although having an anatomic and embryological basis, the separation between the right and the left ventricles is in part physiologically artificial.
Myocardial deformation imaging has gathered strong interest in imaging of the right heart; future studies will need to assess its value compared with endsystolic metrics.
Load-adaptability metrics can help answer the question of 'proportionality' of ventricular adaptation to pulmonary hypertension.
RV myocardial fibrosis can be detected using MRI LGE and T1 mapping; three-dimensional time-resolved flow MRI is a promising tool for blood flow quantification.
Molecular imaging, such as PET, provides information on the RV metabolism. [36] . Fifth, presence of a severe tricuspid regurgitation should systematically be assessed, as it can lead to overestimation of RV function based on volumetric metrics (such as ejection fraction and RVFAC), TAPSE or RVLS. Lastly, presence of RV artifacts using nuclear imaging, such as PET, can be caused by attenuation or cardiac and respiratory motion.
LATEST DEVELOPMENTS IN ECHOCARDIOGRAPHY

Right ventricular deformation imaging
Myocardial deformation imaging has gathered a lot of attention in recent years, leading to several thousand publications [37] . Myocardial deformation encompasses different concepts, including strain, usually expressed as longitudinal, circumferential, or radial strain; strain rate, which represents the deformation over time; and velocity-based parameters. As summarized in a statement study by Voigt et al. [37] , strain may refer to either natural strain or Lagrangian strain. One of the landmark studies in the field is that of Dumesnil et al., which outlines the principles of axial and transverse shortening of the LV [38] . Both reflect deformation of the myocardial wall, but while natural strain is expressed relative to the length at a previous time, Lagrangian strain is expressed relative to the initial length as follows: (end-systolic lengthÀend-diastolic length)/end-diastolic length, and is usually assessed using speckle tracking or by manual tracing (Fig. 2 ) [39, 40] . Both concepts are related to each other mathematically, but are not equivalent. Moreover, studying strain adds value to other volumetric metrics, especially in cases of nondilated ventricles [40] . We recently showed that in 'left heart failure', left ventricular ejection fraction (LVEF) and LV strain are more collinearly related to each other in patients with reduced ejection fraction compared with higher ejection fraction. Primarily developed in the LV, several studies have explored the value of longitudinal shortening of the RV-free wall in patients with advanced heart failure referred for heart transplant [23] and outpatients with heart failure [26] . The software used for speckle tracking has mainly been developed for the LV. Tracking of the RV may be more challenging and is often more reliable in the basal and mid portion. Recently, Ryo et al. [41] have developed software evaluating both axial and surface RV strain using three-dimensional methodology. Finally, it should be highlighted that right heart strain derived by MRI often focuses on the circumferential strain, whereas strain derived by echocardiography focuses on the longitudinal strain.
Three-dimensional imaging of the right heart
Three-dimensional echocardiography opens up the possibility of evaluating RV volumes by overcoming the limitations of conventional two-dimensional echocardiography RV views with regard to orientation and reference points. A meta-analysis has indeed shown the good correlation between MRI and three-dimensional echocardiography for RV volumes and ejection fraction assessment in patients and healthy study participants, with three-dimensional echocardiography slightly underestimating volumes as compared with MRI [42] . So far, only one multicenter study provides age, body size, and sex-specific reference values of three-dimensional echocardiography-derived RV volumes and ejection fraction in 507 healthy study participants [43] . Overall, women have smaller indexed RV volumes and higher ejection fraction compared with men, whereas older age is associated with smaller RV volumes [a decrement of 5 ml per decade for end-diastolic volume (EDV) and 3 ml per decade for end-systolic volume] and higher ejection fraction (an increment of 1% per decade) [43] . Lastly, a recent quantitative threedimensional echocardiography study has explored Right heart imaging in heart failure Amsallem et al. morphological subsets of RV adaption and remodeling in 92 patients with pulmonary hypertension, and linked them to clinical outcomes [41] . Threedimensional RV end-systolic volume had indeed significantly better predictive values than EDV or global strain to predict the combined endpoint of hospitalization, death, or lung transplantation.
Right ventricular-pulmonary arterial coupling
The measure of RV function routinely used in clinical practice reflects overall function and not contractility [44] . The concept of ventriculoarterial coupling has been developed to describe matching between RV contractility and afterload; a ventricle that can increase its contractility in response to the increase in afterload usually stays well compensated. In PAH, for example, RV contractility is increased but insufficient to match the increase in load; thus RV dysfunction ensues [1, 45] . This is an important distinction, as RV contractility is not decreased in PAH, as illustrated by the RV recovery postlung transplantation in those patients. As a related concept, there has been a recent interest in focusing on markers of load adaptability of the RV. This could help addressing two questions. The first is whether RV function is disproportionally reduced considering the ventricular wall stress or load. The second is how to best combine right heart function and load metrics into a simple index, to Large study on prognostic value of RV strain in PAH CHD, congenital heart disease; CTD, connective tissue disease; MPAP, mean pulmonary arterial hypertension; NT-proBNP, N-terminal pro-brain natriuretic peptide; PAH, pulmonary arterial hypertension; RV, right ventricle. For other abbreviations, see Table 2 . a In multivariate analysis.
more accurately assess RV function and pulmonary hypertension. In the present review, we will highlight two examples. The first index, proposed by Guazzi et al., is a simplified index of RV length-force relationship defined by TAPSE/systolic pulmonary arterial pressure (PAP) ratio. A value less than 0.36 mm/mmHg was associated with an increased cardiovascular mortality [hazard ratio of 10.4, (5.4-19.8), P < 0.001] in 293 patients with heart failure with reduced or preserved ejection fraction [46] . However, the applicability of this ratio in patients with PAH, who have a wider range of pulmonary pressures, has not been validated yet. In addition, simple ratios may not address the question of dis/proportionality of function, as the relationship between function and afterload follows a nonlinear and often inverse fit [47, 48] . Figure 3 schematically represents the curvilinear fit of the relationships between RV function, or end-systolic dimension, and afterload metrics (such as pressure, resistance, capacitance, or estimation of the RV wall stress). Based on the literature, this figure schematically represents the curvilinear fit (usually a logarithmic fit) of the relationships between RV function, or end-systolic dimension, and afterload (such as pressure, resistance, capacitance, or estimation of the RV wall stress). Estimation of the wall stress is more challenging, but better reflects the force opposing ventricular function. [22] . It was also validated in 79 patients with PAH awaiting lung transplantation, and shown to be associated with the risk of RV failure and transplantfree survival at 1 and 3 years [50] . However, while this index provides complementary information about proportionality of ventricular adaptation, it does not replace remodeling or function parameters.
INNOVATIONS IN MAGNETIC RESONANCE IMAGING
Beyond volumetric and functional analysis, MRI also allows tissue characterization, pulmonary stiffness assessment, and accurate quantification of blood flow. Table S1 , http://links.lww.com/HCO/ A34, compares the advantages and limitations of MRI and other imaging modalities.
Myocardial tissue characterization
Two novelties in myocardium characterization by MRI need to be mentioned. The first one is the noninclusion of RV myocardial fatty infiltration in the recent revised Task Force diagnostic criteria for arrhythmogenic right ventricular cardiomyopathy/dysplasia (ARVC/D) ( Right heart imaging in heart failure Amsallem et al. although fatty infiltration had been considered as indicative of ARVC/D for years, recent evidence has questioned its specificity, showing the high rate of physiological fatty infiltration (without concomitant fibrosis) in healthy controls [52] . The presence of regional RV akinesia or dyskinesia remains an important diagnostic criterion of ARVC/D [51] . A specific MRI pattern, described as a focal 'crinkling' of the RV outflow tract and subtricuspid regions (accordion sign), has been reported as a promising sign for early diagnosis of ARVC/D, as only found in mutation carriers [53] . The accordion sign is an example of regional RV wall motion abnormalities, similar to the regional contraction abnormalities first described by McConnell et al. [54] two decades ago in patients with acute pulmonary embolism, and recently revisited using echocardiographic strain [55] . The second novelty is the assessment of myocardial fibrosis by late gadolinium enhancement (LGE) or more recently T1 mapping. LGE identifies myocardial fibrosis, which has diagnostic [56] and prognostic [57] value. One of the main potential pitfalls of LGE imaging is that it may fail to adequately characterize diffuse interstitial myocardial fibrosis because of reliance on relative signal intensity changes and nulling of normal-appearing myocardium [58] . Quantitative assessment of the myocardial longitudinal relaxation time constant (T1) has in parallel emerged as a promising technique to assess for diffuse myocardial changes. T1 maps can be produced of noncontrast (native) myocardial T1 values (providing information on both the myocyte and the interstitium) or after gadolinium-based contrast administration (enabling quantification of the extracellular space) [59] . In healthy controls, RV noncontrast T1 values have been shown to be higher than LV values, which may be explained by the higher collagen content of the RV myocardium [60, 61] . In the setting of RV dysfunction and pulmonary hypertension, RV and hinge point noncontrast T1 and extracellular volume fraction values are elevated. Postcontrast T1 values are reduced [62, 63] and may correlate with pulmonary hemodynamics, RV-PA coupling and RV function [64 & ]. Finally, several advanced techniques have been proposed to improve T1 quantification of thin-walled structures such as the RV, including imaging in systole and higherresolution sequences [60, 61, 63, 65] .
Pulmonary arterial stiffness
Several parameters have been developed to provide information on local, regional, or global stiffness: pulse pressure, elasticity, distensibility, compliance, capacitance, and stiffness index b [66] , as detailed in Supplementary Table S2 , http://links.lww.com/ HCO/A34 . Among them, capacitance [invasively estimated as the ratio of stroke volume (SV) divided by pulse pressure] has been associated with RV dysfunction, remodeling, and mortality, independently of the level of resistance, in a wide spectrum of diseases (idiopathic and scleroderma-associated PAH, heart failure with reduced ejection fraction, and heart failure with preserved ejection fraction) [21, 25, 32, 47, 67, 68] . Pulmonary arterial elasticity is measured as [maximal pulmonary artery (PA) area -À minimum area]/minimum area, using phasecontrast MRI, on the transverse perpendicular plane. It may be valuable for the detection of exerciseinduced pulmonary hypertension or earlier stages of pulmonary vascular disease [69] .
Quantification of blood flow
Three-dimensional time-resolved flow MRI is an evolving imaging technique that yields both a vector of blood velocity and the magnitude signal intensity over an imaging volume. For each temporal phase of the cardiac cycle. three-dimensional time-resolved flow MRI allows the evaluation of blood flow, including valvular regurgitation (Fig. 4 , left panel) , quantification of biventricular volumes, function and mass, and visualization of intracardiac and extracardiac structures [71, 72] . A recent study demonstrated that RV volume, function, and mass can be quantified with three-dimensional time-resolved flow MRI with precision and interobserver agreement comparable to those of cine steady-state free precession [73] . Whole heart three-dimensional time-resolved flow MRI also enables detection and visualization of both normal and abnormal right heart flow patterns [74] . In patients with pulmonary hypertension, three-dimensional time-resolved flow MRI often demonstrates a vortex pulmonary artery flow pattern (as shown in Fig. 4 , right panel [70] ); the relative period of existence of the vortex significantly correlates to the mean pulmonary artery pressure [70, 75] . Peak systolic velocity, peak flow, stroke volume, and wall shear stress by three-dimensional time-resolved flow MRI are significantly lower in patients with PAH compared with healthy study participants [76 & ,77] . The prognostic value of three-dimensional timeresolved flow MRI still needs to be proven; however, it could offer in the future a noninvasive alternative to catheterization for flow assessment and may help in early detection of RV dysfunction.
WHAT IS NEW IN COMPUTED TOMOGRAPHY IMAGING?
In patients with pulmonary hypertension, computed tomography (CT) angiography is widely used to rule out chronic thromboembolic pulmonary hypertension and underlying lung disease, as well as to characterize precise anatomy in the setting of congenital heart defects [78 && ]. A recent study evaluated the utility of routinely performed non-ECG chest CT to screen for pulmonary hypertension. Spruitj et al. showed that both pulmonary arterial dilation (ratio relative to the ascending aorta diameter !1) and RV enlargement (ratio relative to the LV diameter !1.2), measured on the axial view, were incremental for the detection of pulmonary hypertension in 51 patients with advanced precapillary pulmonary hypertension versus 25 nonpulmonary hypertension controls [79] . The application of this screening detection in a large population still remains to be done.
MOLECULAR IMAGING: A DEEPER VIEW INTO THE BIOLOGY OF THE RIGHT HEART
Multiple molecular changes occur in a failing RV exposed to an increased afterload. Four of them represent potential targets for imaging. The first target derives from the RV metabolic shift from lipolysis toward glycolysis, which has been linked to worse ventricular function and poor survival [80] . The increased uptake by the cardiomyocytes of the alternative source of energy (glucose) can be easily quantified using PET 18 F-2-deoxy-2-fluoro-D-Glucose. An increase in the RV-to-LV ratio tracer uptake has been reported in patients with PAH [81] . It remains, however, unclear whether this increased ratio is explained by an increased RV glucose uptake [82] or a decreased LV uptake [83] . Moreover, preclinical studies have suggested that this metabolic shift may be transient during progression of RV failure [84] , which compromises the relevance of RV PET 18 F-2-deoxy-2-fluoro-D-Glucose uptake as a routine biomarker in PAH. The second target is the myocardial oxygen consumption, which can be imaged using 15 O-labeled tracer or 11 C-acetate tracers. An increased resting oxygen consumption by the RV, and hence a reduced efficiency, has been shown in patients with PAH [85] . Neurohormonal dysregulation is the third target. There has been growing evidence of the importance of upregulated sympathetic nervous system and renin-angiotensin-aldosterone system in the pathophysiology of right heart failure in PAH [86] . Finally, angiogenesis and apoptosis are additional promising targets for detection of maladaptive RV in pulmonary hypertension [87] . Although these processes have been imaged in LV diseases [88] and pulmonary hypertension animal models, their clinical application in PAH is still pending.
NEW INSIGHTS IN RIGHT HEART HEMODYNAMICS
Although the review focuses on right heart imaging, hemodynamics remains one of the most important biomarkers that help guide management in patients with pulmonary hypertension and right-sided disease. In addition to right atrial and pulmonary pressures, three important parameters or ratios may be of clinical utility: RV diastolic pressure waveforms, relative pulmonary hypertension (defined as the mean pulmonary to mean arterial pressure ratio, MPAP/MAP), and indices of load adaptability.
Displaying the right ventricular waveform provides insights for monitoring and management of patients. Using a pulmonary arterial catheter and transducing the RV pacing port (Paceport, Edwards Lifescience, Irvine, California, USA), continuous RV and pulmonary arterial pressure waveforms can be obtained [89] . As RV dysfunction occurs, the shape of the diastolic waveform progressively changes, from horizontal to an oblique aspect, followed by the appearance of a square root sign suggesting progressive loss in RV diastolic compliance (Fig. 5) . These modifications observed on the RV pressure waveform can also be diagnosed using careful central venous pressure waveform analysis and Doppler hepatic and portal venous flow interrogation [90] . The second metric is the relative estimation of mean pulmonary arterial pressure (MPAP). In the case of RV failure, MPAP can be underestimated as it can be reduced proportionally to the decrease in systemic pressures, for example, following anesthesia induction. The value of the MPAP/MAP ratio has previously been shown to be the best hemodynamic predictor of postoperative circulatory failure [91] . The ratio is additionally associated with long-term aortic valve survival [92] and correlates with ventricular septal curvature [4] . Finally, there has been a growing interest in proposing invasive load-adaptability indices such as the RV functional index (RFI), measured as the systolic pressure divided by cardiac index [69] . The RFI can be used to evaluate the extent to which elevated pulmonary arterial pressure is associated with preserved RV function. Elevated RFI may result from increasing pulmonary arterial pressure or decreasing cardiac index, both indicative of RV failure. Increased RFI has been associated with poor survival in 53 patients admitted to the ICU with severe pulmonary hypertension [69] and in 1439 patients undergoing cardiac surgery [91] .
CONCLUSION
The recent improvements in right heart imaging bring perspective into the physiology of the right heart, help early detection and prognostic stratification, and slowly bring the field into the new era of imaging biomarker guided management. Table 5 summarizes the six challenging unmet needs in the field of imaging of the right heart that are expected to be resolved in the coming 10 years. Right heart imaging in heart failure Amsallem et al. 
